In the present study new types of polyurethane-cellulose derivative biomaterials based on urethane prepolymers functionalized with hydroxypropylcellulose are presented. The aim of the present study is to obtain materials with better haemocompatibility, biocompatibility and amphiphilic microphase-separated domain structures. The outcome of remarkable chemical versatility characteristic to polyurethane materials combined with polymers derived from nature like cellulose derivatives resulting in bulk and surface properties is evidenced by means of different techniques like DSC, TGA, FT-IR, AFM and mechanical tensile tests. The influence of various factors on the developed morphologies and the microstructural changes is investigated. Both polyester and polyether macrodiols have been used to prepare these polyurethanes. The aim of this study is to find also alternative methods for improving biostability while maintaining the excellent biocompatibility and other properties.
Introduction
The design of polymers from renewable resources [1] [2] [3] [4] [5] as well as the focus on use of cheap, biodegradable and annually renewable starting materials to reduce petroleum dependence and the negative impact on the environment is currently receiving increasing attention. Biodegradable polymers are receiving more and more attention due to their wide application in biomedical uses. Polyurethane is a class of very useful and versatile material and widely used as individual polymer possessing network structure. Few biodegradable elastomers have been synthesized, and new materials are required to meet the need for an increasingly diverse range of physical properties. It is worthy to note that block-polyurethanes based on cellulose derivatives were found to be biodegradable and possess haemocompatibles [6] . Biodegradable elastomers are expected to be suitable for any application requiring the use of a flexible, elastic material, such as soft tissue engineering.
In this work we present the synthesis and characterization of new MDI based poly(ester urethanes) and poly(ether urethanes) having hydroxypropylcellulose incorporated in the formulation. Due to the greater stability induced by the aromatic diisocyanates which form hard segment crystalline order resulting from molecular symmetry and strong intermolecular interactions, MDI is generally used to prepare biomedical polyurethanes [7] . The polymerization method used determines the morphology and the properties of the segmented polyurethanes. But always, no matter the preparation method used, the polyurethanes are characterized by a heterogeneous structure, containing hard segments distributed in a soft matrix. This microstructure is responsible for their final properties and applications. Different techniques like DSC, TGA, FT-IR, AFM, and mechanical tensile tests have been applied to investigate the morphology of these materials. The thermal behaviour studies have been performed under dynamic conditions of temperature by applying thermogravimetry (TG) and derivative thermogravimetry (DTG), the same operational parameters being used in order to obtain comparable results.
Results and discussion
In Table1 compositional parameters, molecular weights (M n : number-average molecular weights; M w /M n : polydispersity indices from GPC) and glass transition temperatures (T g from DSC) of the cellulose-derivative polyurethanes are presented. Urethanes are known to be relatively thermally unstable materials [8] [9] [10] 11] The thermal stability of more complex systems like segmented polyurethanes depends on their morphology, on the urethane groups per unit volume, segment length and concentration. The initial stage of thermal degradation is governed by urethane bond decomposition (usually at about 150-220 o C leading to the formation of primary amine and olefin or secondary amines and carbon dioxide [12] Several studies revealed that the percentage of weight loss in the initial stage increases with increasing hard segment content, i.e the first stage of decomposition is due to hard segments while the next stage was found to be well correlated with the soft-segment concentration [8] [9] [10] .
The thermal degradation of the hydroxypropylcellulose-based polyurethanes studied herein is a complex one showing at least two main degradation stages. The thermal characteristics obtained from TG and DTG curves are tabulated in Table 2 .
The mass loss curves of the synthesized polyurethanes are presented in Figure 1 . Kinetics of the degradation process corresponding to the second stage was characterized by calculation of the activation energy (E CR ) and order of decomposition reaction (n CR ) by using Coats-Redfern method [13] . The change of activation energy as a function of conversion was followed by using the Levi-Reich kinetic analysis method [14] . The values of reaction order employed in the calculation were estimated by means of Coats-Redfern method. Variation of activation energy as a function of conversion is plotted in Figure 2 .
Initially, the activation energy (Ea) shows a sharp drop caused by the loss of the light degradation compounds such as CO 2 [15] and after that remain constant with increasing conversion. If we consider the order of activation energy stated by CoatsRedfern method the drop of Ea at lower conversions corresponds to higher values of activation energy evaluated by Coats-Redfern method and we find this order also in the mass loss curves. The DSC thermograms of the polyurethanes are plotted in Figure 3 . The values of the glass transition temperatures obtained from the second heating scans related to the soft segments are presented in Table 1 . They are higher than the T g ' s of the pure starting macrodiols evidencing miscibility between soft and hard domains. Chemical cross-links in the network reduce segmental mobility and enhance T g . Concerning the melting of the soft and hard domains it can be seen in Figure 3 that between 40-60 o C there are endotherms attributed to the melting of soft segments (SS) while at higher temperatures, around 160 o C the melting corresponding to hard segments (HS) is starting. The merely discernible endotherms in the range 40-60 o C constitute an indication of incomplete phase separation between the two segments.
The stress-strain curves of the studied polyurethanes are plotted in Figure 4 . The resulted tensile properties are tabulated in Table 3 . The influence of the physical and chemical cross-links on the elastic behaviour of the polyurethanes is investigated by using Mooney-Rivlin equation for rubbers [16, 17] :
where σ is the stress, λ is the extension ratio, L/L 0 and C 1 , C 2 are the Mooney-Rivlin constants.
From the stress-strain experimental data, the Mooney-Rivlin curves are plotted ( Figure 5 ) and the values of C 1 and C 2 are obtained (see Table 3 ). The elastic behaviour depends on the size and the distribution of the hard domains into the soft matrix and is more or less reflected in the deviation from the Mooney-Rivlin equation. It appears that polyurethane PPG-HPC shows an almost linear behaviour when comparing with PEA-HPC and PTHF-HPC. In these block-copolymers the number of physical and chemical cross-links depends on the nature of the macrodiol used, the hydroxypropylcellulose, which generates chemical cross-links in the matrix and on the feed ratio. In the case of polyester-based matrix, i.e. PEA-HPC the low value of C 1 evidences clearly that the more polar ester groups lead to a matrix dominated by physical cross-links, and therefore C 1 is different for polyether-and polyester-based matrix (C 1 is lower for polyester-than polyether-urethanes). At higher strains a disrupting of the physical cross-links is taking place and C 1 becomes lower. C 2 is not so sensitive relative to the nature of soft segment but shows the presence of both physical and chemical cross-links specific to a polyurethane network. These results are compatible with those found for the thermal stability behaviour of these network materials providing the extent of physical-and chemical cross-links which give the mechanical strength of the material during stretching. The toughness representing the energy absorbed before the sample breaks is higher as expected for PEA-HPC sample than for the PPG-HPC and PTHF-HPC samples.
Hydrogen bonding is known as an important driving force for the phase separation of a hard segment from a soft-segment matrix consisting of polyether or polyester polyol. The separated hard segment acts as physical cross-links and filler particles for the soft-segment matrix. Microphase separation of segmented polyurethanes is probably the single most influential characteristic of these materials. The degree of phase separation plays a key role in determining mechanical properties and blood compatibility [18] . The heterogeneous morphology of polyurethanes will determine the surface composition exposed to a polar environment (water or blood) or to a nonpolar environment (air or vacuum). The surface segregation phenomenon reflects the difference in surface energy between the polar and nonpolar components [19] . The surface composition constitutes a crucial parameter for a biomedical material in contact with blood. Hydrogen bonding in polyurethanes has been extensively studied using infrared spectroscopy [20] [21] [22] [23] [24] , which provides structural information at molecular level. Molecular level effects fundamentally determine the macroscopic properties of these materials. The hydrogen bonding is evidenced by a frequency shift to values lower than those observed when these groups are free (not hydrogen bonded). The magnitude of the frequency shift is a measure of hydrogen-bonding strength.
Tab. 4.
In the polyether-or polyester-based polyurethanes, the fraction of the hydrogenbonded carbonyls, which is characterized by a hard-hard segment hydrogen bond (>NH---O=C<), was used as a measure of the extent of phase separation. The NH group could also form a hard-soft segment hydrogen bond with the ether oxygen (>NH---O<) or polyester carbonyl, which represents the extent of phase mixing between hard and soft segments. The infrared carbonyl band envelope is composed of separate absorptions attributed to "free" and hydrogen-bonded (ordered and disordered) carbonyl groups. The >NH and >C=O absorption bands were best fitted by Gaussion function. The deconvoluted >C=O stretching bands are plotted in Figure 6a (PEA-HPC); 6b (PPG-HPC); 6c (PTHF-HPC), and >NH stretching bands are plotted in Figure 6d (PEA-HPC); 6e (PPG-HPC); 6f (PTHF-HPC). The results of curve fitting calculations in the spectral regions corresponding to carbonyl and >NH stretching bands are presented in Table 4 and Table 5 , respectively.
For amide I vibration, two discernible peaks assignable to free and hydrogen-bonded carbonyl are generally observed. Analysis of both >NH and >C=O stretching becomes complicated due to the presence of several types of hydrogen bonds. The hydrogen bonded carbonyls are due to interurethane hydrogen bonding and the free carbonyls are formed when hard-and soft-segment mixing occurs, generating hydrogen bonding between urethane and ester/ether groups. The peaks at 1730, 1728 and 1731 cm -1 are assigned to free >C=O stretching band and the peaks at 1683 and 1698 cm -1 are assigned to hydrogen bonded >C=O stretching band as it is found also in several reports [20] [21] [22] [23] [24] . The peaks at 1705, 1706 and 1714cm -1 are attributed to hydrogen bonded carbonyl in urethane linkages dissolved in soft phase or disordered interfacial regions [25] . This is an indication of hard-soft segment mixing. In the case of PTHF-HPC sample, the >C=O peak located at 1704 cm -1 is assignable to a disordered H-bonded urethane. a b Fig. 7 . AFM tapping mode images of PEA-HPC film sample.
In the case of >NH stretching band the analysis becomes even more complicated. The peaks at 3395 and 3326 cm -1 ; 3396 and 3319 cm -1 ; 3454, 3390 and 3323 cm -1 are attributed to free >NH stretching bands and the peaks at 3194 and 3192 cm -1 are assigned to H-bonded stretching bands [20] [21] [22] [23] [24] . The peaks at 3252, 3265 and 3267 cm -1 are assignable to hydrogen bonded >NH to ester or ether groups. Previous investigators [25] found evidence for >NH---O< hydrogen bond in the 3258-3265 cm -1 region whereas others [20] only in the quenched state, below soft segment T g . The >NH---O< bond represents a hard-soft segment hydrogen bond and gives indication of extent of phase mixing between hard and soft segments. From Table 4 and Table  5 it is obvious that the relative area related to the hard-soft segments hydrogen bonding has a significant contribution over the interurethane hydrogen bond. The quantitative results obtained by curve-fitting have a relative meaning. The absorption coefficients of the bands were not considered.
The use of AFM to examine the surface morphology of polymers is well established. Tapping mode AFM has gained popularity due to lower forces involved and the fact that there is only intermitent contact between the sample and the tip. In Figure 7a , the phase image scale 1x1 μm, and in Figure 7b , the 3 D topography image scale 1x1 μm of a PEA-HPC film sample obtained by precipitation in water are given. A spherulitic morphology is observed indicating a crystalline surface as reported for other poly(ester urethanes) [ 26] .
Conclusions
In this work the synthesis and characterization of phase-segregated hydroxypropylcellulose-based poly(ester urethane) and poly(ether urethanes) are presented. The cellulose derivative was chosen in the formulations aiming better haemocompatibility and biocompatibility properties. Various techniques like DSC, TGA, mechanical tests, FT-IR and AFM have been employed to study the influence of structural factors on the developed morphology. The DSC data correlated with FT-IR analysis give indication of hard-soft segment mixing. The mechanical results are compatible with those found for the thermal stability behaviour of these network materials providing the extent of physical-and chemical cross-links that gives the mechanical strength of the material during stretching. Bulk morphology determines the surface composition, which constitutes a crucial parameter for biomedical materials. A crystalline surface is evidenced by means of AFM.
Experimental part

Materials
Poly(ethylene adipate)diol (PEA, M n = 2000 g/mol) was purchased from Fibrex SA Savinesti, Romania; Polytetrahydrofuran (PTHF, M n = 2000 g/mol) and poly(propylene)glycol (PPG, M n = 2000 g/mol) are commercial products purchased from BASF; 4,4'-Diphenylmethane diisocyanate (MDI, Merck) was distilled, prior to utilization, under reduced pressure; Hydroxypropylcellulose LF (HPC, Klucel) and ethylene glycol (EG, Merck) was used as received.
Preparation of polyurethanes
The polyurethanes were prepared by solution polymerization using N,Ndimethylformamide (DMF, Fluka) as solvent. First, the NCO-terminated prepolymer was prepared by dehydrating the macrodiol for 3 h at 90 o C under vacuum followed by adding MDI to the vigorously stirred macrodiol. The reaction between diisocyanate and macrodiol took place for 1. 
Measurements
The molecular weights of the polyurethanes (polymer solutions in 1 % DMF), were determined by using a GPC PL-EMD 950 evaporative mass detector instrument. Infrared Spectroscopy (FT-IR) was done using a VERTEX 7 Instruments equipped with a Golden Gate single reflection ATR accessory, spectrum range 600-4000 cm -1 ; thin films were fixed onto KBr pellets, resolution 2 cm -1 . The thermal stability of polyurethanes was performed on a DERIVATOGRAF Q-1500 D apparatus (Hungary). The rate of the TGA scans was 10 ºC /min in air atmosphere. The initial weight of the samples was about 50 mg and the temperature range 30-700 ºC. A Perkin-Elmer DSC-7 was used for thermal analysis and was operated under a nitrogen atmosphere with a heating/cooling rate of 20 o C/min. Stress-strain measurements were performed on dumbbell-shaped samples cut from thin films on a TIRA test 2161 apparatus, Maschinenbau GmbH Ravenstein,Germany. Measurements were run at an extension rate of 50 mm/min, at room temperature 25 o C. All samples were measured three times and the averages were obtained. AFM measurements were performed on Scanning Probe Microscope Solver PRO-M (NT-MDT, Russia) in the tapping mode. Cantilevers of type NSG10/Au were used to obtain height, phase and 3D topography images.
